Western Reserve School of Medicine
CONTINUOUS but slow progress is being made towards solving the numerous problems arising from the attempt to maintain a near-normal physiological state in patients under general anaesthesia. The depressant effect of drugs used in preoperative medication and in general anaesthesia on respiration and on circulation have been amply demonstrated (Schmidt and Harer, 1923; Hershey and Zweifach, 1950; Cohen and Beecher, 1951; Johnson, 1951; Holaday et al., 1952; Johnstone, 1955; Eckenhoff, et al., 1955) . The means for avoiding this depression are still under intensive scrutiny and form the subject of this review.
The value to pulmonary ventilation of assisted or controlled breathing, in an attempt to avoid to some degree the acidbase disturbances when the pleural cavity remains intact, has been substantially accepted by most clinicians since Watrous et al. reviewed this subject in 1950-51.
* Formerly of Western Reserve School of Medicine. 296 The possible depression or elevation of blood pressure and the hazards of respiratory acidosis under these circumstances have also been demonstrated (Dripps., 1947) . These pathological changes are further aggravated when the pleura is open, and their prevention has been studied intensively and carefully reviewed during the past five years Dobkin and Van Bergen, 1952; Buckley et al., 1953; Mushin and Rendell-Baker, 1953; Papper and Ngai, 1954; Dripps and Severinghaus, 1955) . Premedication with ataractic drugs (such as chlorpromazine), reduction or complete elimination of opiates in premedication, use of light levels of anaesthesia, judicious use of muscle relaxants and the use of balanced anaesthetic techniques have all assisted in reducing these defects (Dobkin and others, 1954 (Dobkin and others, , 1955 (Dobkin and others, , 1956 Little and Stephen, 1954) . The major problem which exists at present is to determine whether the augmentation of breathing in the anaesthetized patient can be improved by using mechanical devices (Mautz, 1939; Maloney et al., 1952; Pask, 1955; Gibbon and Haupt, 1955) ; to recognize the physiological effects of such devices (Humphreys et al., 1938; Beecher et al., 1943; Bennett et al., 1944; Werko, 1947; Thompson and Rockey, 1947; Cournand et al., 1952; Bjurstedt et al., 1953; Price et al., 1954; Maloney and Hanford, 1954; M0rch and Benson, 1954; Saklad, 1954; Lucas and Milne, 1955) ; and to determine whether the patient can benefit further by the use of a period of subatmospheric pressure in the breathing cycle (Maloney et al., 1953; Hubay etal., 1954; Allbritten et al., 1954) . This information is urgently required to improve the cardiovascular and respiratory management of patients undergoing intrathoracic operations.
MATERIALS AND METHODS
In order to investigate some of these problems clinically the major effort in this study was devoted to the evaluation of a fully automatic pressure respirator, supplied by the Ohio Chemical and Surgical Equipment Company of Madison, Wisconsin, U. S. A., in which positive, negative, and atmospheric pressures could be timed automatically and could be controlled by means of timed delay relay switches for duration of phases and rate of respiration. Indicators recorded phase pressures, and calibration of the ventilating bellows indicated tidal volume. The tidal volume of respiration was delivered through nondistensible (Tygon) tubing from the respirator to the rebreathing inlet of a Heidbrink circle absorber and through semidistensible tubing from the Heidbrink inhalation and exhalation valves to the endotracheal tube.
Recent studies with this experimental respirator in dogs have shown that with a closed chest intermittent positive-negative pressure respiration increases the venous return to the heart to a significant degree over that measured during positive-atmospheric pressure respiration, particularly when the animal is suffering from hypovolaemia (Brecher, 1952; Hubay et al.,. 1954 ). This would appear to be of physiological benefit since the mechanism of increased venous return to the heart corresponds to that observed with spontaneous respiration (Brecher, 1953) . With the open chest these studies have shown that intermittent positive pressure inflation of the lung impedes venous return, but the interposition of a negative phase between the positive phases did not benefit the circulation significantly . The accentuation of detrimental effects on circulation by the lateral position have also been shown (Hubay et al., 1955) .
The effect on the structure of the lung of both positive and negative intratracheal pressure respiration was studied in dogs also. It was found that intermittent positive pressure of up to 40 cm water over periods of 2-4 hours were well tolerated when the chest was not opened. However, when a surgical pneumothorax was produced, intermittent positive pressures of 40 cm of water caused severe damage owing to repeated overdistension of the lung parenchyma. When alternating positive and subatmospheric pressures were employed no significant changes were observed when the pressures did not fall below -5 cm of water. With the chest intact, greater subatmospheric pressures in the trachea caused more severe damage than when surgical pneumothorax existed, presumably due to direct transmission of the pressure to the lung parenchyma. When the pneumothorax was produced, high subatmospheric tracheal pressures did not reach the lung parenchyma owing to complete collapse of the small bronchioles at lower pressures (the " trapping " phenomenon). The most favourable intratracheal pressures which permit effective pulmonary ventilation with minimal damage to the lung parenchyma of dogs were obtained when +15 to +20 cm of water were used .
After the circulatory and morphological studies were completed in dogs, the controlled clinical evaluation of the mechanical respirator was carried out as follows:
Group I. Normal lungs, controlled respiration -hand squeeze and experimental respirator. Sixteen patients for elective surgery with clinically normal lungs were studied. These patients underwent a variety of surgical procedures both with and without surgical pneumothorax. Anaesthetic technique varied slightly in these cases (see Table I ). A Heidbrink circle system charged with fresh soda lime was connected both to the experimental respirator and to the patient by nondistensible tubing (Tygon). Data was collected for the effect on acid-base homeostasis using arterial blood samples from the brachial artery, collected anaerobically in syringes moistened with heparin and immediately cooled to 4°C. These were analysed as follows: The pH was determined by a glass electrode pH meter at 37°C. Total serum carbon dioxide content and oxygen content (volumes per cent) were determined by the method of Van Slyke and Neill (1924) . The partial pressures of carbon dioxide (pCO 2 ) in the arterial blood were calculated from the Henderson-Hasselbach equation using the determinations of pH and total CO? (Van Slyke and Sendroy, 1928; Singer and Hastings, 1948) .
Respiration data was collected as recommended by Radford (1953) . Pulmonary ventilation (volume of respired gas) was measured with a Lilly pneumotachygraph (Lilly, 1950) . Inspired gases passed between the walls of an ice-cooled calorimeter chamber to reduce condensation of moisture on the pneumotachygraph monel metal screen. Tracheal pressure measurements were carried out at the level of the endotracheal tube connector through a Statham strain gauge. The mean airway pressure was then calculated by integration of the area under the curve of endotracheal tube pressures. Arterial blood pressure was measured from the brachial artery through an indwelling needle via a Statham strain gauge. Carbon dioxide in volumes per cent in the expired gases was determined through a Liston-Becker infrared absorption COX analyser (model 16) connected to the expiration side of the Y connector on the endotracheal tube. This apparatus was previously calibrated with known and checked concentrations of CO 2 (Collier et al., 1955) . The CO2 concentrations were converted to mm Hg. Patients undergoing intrathoracic procedures were monitored by the electrocardiograph (lead 2) using a cardiotachyscope-a procedure considered essential (Johnstone, 1955) (1) Cannula in brachial artery connected to 3-way stopcock with limbs for 0-250 lb/sq.in. Statham strain gauge to measure arterial blood pressure (2) and to draw arterial blood samples anaerobically or flush system with heparinized saline (3). Airway is controlled with a long-cuffed large-bore endotracheal tube connected to a curved catheter connector (4) with suction tube nipple, through which either Emerson aneroid positive-negative pressure gauge 5(a) or 0-0.2 lb/sq.in. Statham strain gauge (5b) is attached for measuring or recording airway pressure. A Lilly pneumotachygraph (6) to measure inspired and expired gas volume in anaesthetic circuit between catheter connector and Y connector. A Liston Becker infrared CO, analyser to measure carbon dioxide in the expired gases (7). Inspired gas is channelled through outer wall of a calorimeter chamber filled with ice water to prevent water condensation on pneumotachygraph screen (not shown in diagram) and expired gas passes through circle carbon dioxide absorber of a Heidbrink gas machine filled with fresh soda lime (8). A three-way stop-cock (9) is attached to the lower end of the soda lime canister to permit quick switch over from rebreathing bag (10) to the mechanical respirator (11). A cardiotachyscope to indicate the heart rate and the electrocardiogram (12). Blood pressure, airway pressure, gas exchange in the airway, and expired carbon dioxide are recorded on a 4-channel Sanborn Polyviso (13).
Group II. Abnormal lungs, controlled
respiration with Blease pulmoflator. Concurrently, a second study was carried out on 20 patients undergoing elective surgery for advanced pulmonary tuberculosis. All patients in this and the following study had diagnostic bronchoscopic examinations to ensure that no endobronchial disease existed. Anaesthetic technique was constant in all cases. Rate of respiration was fixed at 18 per minute, and no less than the minimum volume of respiration was provided as determined from the Radford nomogram corrected for anaesthetic factors ( fig. 2 ; Radford et al., 1954; Radford, 1955 was employed throughout the period these patients were in the operating room.
Patients in this group varied in age from 18 to 54 years and had relatively normal cardiac function. Pre-operative pulmonary function tests as recommended by Warring (1945) , Wright and Michelson (1950) , and Gaensler (1955) were carried out, including chest fluoroscopy for rib motion, diaphragm motion, and rate of filling and emptying of the lung; maximum breathing capacity, walking ventilation, total vital capacity, timed vital capacity at 1, 2 and 3 seconds and expiration time were recorded. In addition 11 of these 20 patients had bilateral bronchospirometry carried out employing a Carlens double lumen endobronchial catheter and double spirometer to determine the distribution of lung function. Anaesthesia was maintained with a Blease pulmoflator respirator (Musgrove, 1952) attached to the endotracheal tube by a to-and-fro carbon dioxide absorption system with semidistensible tubing. The soda lime canister was refilled with fresh soda lime every hour. Airway pressures were checked on the anaesthetic machine and by an Emerson positive-negative aneroid pressure gauge at the endotracheal tube connector. Mean arterial blood pressure was measured in 14 of the 20 patients by means of an aneroid blood pressure manometer as described by Alman and Fazekas (1953) . patients for elective surgery with pulmonary changes due to infectious disease of the lungs. Most of these had varying degrees of pulmonary emphysema, fibrosis, venous-arterial shunts and gross defects in gas distribution. Sixty-nine of these patients were suffering from advanced pulmonary tuberculosis. During the maintenance of anaesthesia, respiration was controlled by hand squeeze during 45 operations, and a selected variety of pressure patterns on the mechanical respirator was used during 28 operations. The patients of this group had preoperative pulmonary function tests carried out as in Group II. Twenty-one of the 45 patients controlled by hand squeeze and 12 of the 28 patients controlled with the respirator had bronchospirometry studies carried out to determine the minute volume, oxygen consumption and vital capacity of each lung, as in Group II. In all patients of this group the basal tidal volume requirement was determined from the Radford nomogram corrected for anaesthesia factors as a guide to the minimum volume of respiration necessary for adequate alveolar ventilation. In the 28 patients managed with the experimental respirator, arterial blood samples were drawn prior to induction of the anaesthesia, 30 minutes after the patient was positioned and anaesthesia stabilized; 30 and 90 minutes after the pleura was opened; and again 180 minutes after the pleura was opened if the operation was prolonged. A final blood sample was drawn 30 minutes after the chest was closed. This timing was closely adhered to throughout, except where major vessels were about to be clamped or a major bronchus was to be opened. Syringes for arterial blood samples were prepared as recommended by Cournand. Four types of pressure patterns were employed on the respirator. In the first, +15 mm Hg/ atmospheric pressure was used in 5 patients with phases timed 1:2 and rate 18/minute (the "ideal" pressure curve according to Cournand etal., 1952) ; in the second, +15 mm Hg/ -5 mm Hg/atmospheric pressure was used in 8 patients with phases timed of equal duration (1:1:1) and rate 18/minute; in the third, + 15 mm Hg/atmospheric pressure/ -5 mm Hg was used in 7 patients with phases timed of equal duration and rate 18/ minute; in the fourth, +15 mm Hg/ -5 mm Hg was used in 8 patients with phases timed of equal duration and rate at 18/minute. As in the second study a cardiotachyscope monitor with lead 2 was employed throughout the investigation.
In none of these cases was it necessary to change the pressures in order to provide the basal tidal volume as determined from the Radford nomogram. Occasionally pressures were reduced to assist the surgeon during periods of difficulty in the dissection, and in others the pressure was periodically increased when expansion was thought to be inadequate.
Anaesthetic management for all intrathoracic cases in Groups II and III was as follows: the evening prior to operation the patient was sedated with 50-100 mg of chlorpromazine and 100 mg of quinalbarbitone by mouth, depending on the size and general physical state of the patient. The morning premedication con-sisted of a deep intramuscular injection of chlorpromazine 25 mg and scopolamine 0.6 mg (for all patients) administered one hour prior to transport to the operating room. This preparation sedated the patients very well without grossly disturbing respiration or circulation (Dobkin et al., 1955) . Upon arrival in the operating theatre the cardiotachyscope was attached and the patient's oropharynx was sprayed with 2-3 ml of 1 per cent amethocaine or 2 per cent lignocaine. This was followed by a preliminary period of breathing 100 per cent oxygen while a brachial artery cannula was inserted and two intravenous infusions with 15 gauge needles were started in an arm and leg vein. Induction of anaesthesia was carried out with a mixture of 500 mg thiopentone and 15 mg d-tubocurarine in 25 or 30 ml of distilled water (2 per cent or 1.8 per cent thiopentone). If the patient lay quietly during the preparations, the more dilute mixture was used. If the patient showed signs of restlessness during the preparations the stronger solution was used. The mixture was injected slowly until the patient was unconscious. The lungs were then inflated with 100 per cent oxygen employing artificial manual ventilation for 2 to 3 minutes by the clock. Endotracheal intubation was then performed with the largest long-cuffed endotracheal tube which would pass with ease or with a Carlens double lumen catheter. These were previously coated with 0.75 per cent cyclomethycaine jelly (Surfacaine (R)). Approximately 1 ml of the topical anaesthetic was sprayed through the endotracheal tube and the investigative equipment and anaesthetic circuit connected as shown in figure 1. Maintenance of anaesthesia consisted of nitrous oxide-oxygen inhalation in a 1:1 ratio using an intermittent closed circuit and controlled respiration with a Blease pulmoflator (Group II) or with a Heidbrink circle system (Group III) charged with fresh soda lime.
Ninety-six of the 99 patients for open thoracic surgery in these studies were operated upon in the lateral position, fully recognizing the fact that this is the worst posture from a pulmonary ventilation point of view (Beecher and Murphy, 1950; Barach and Beck, 1954) . Three were " very wet" cases and were operated upon in the prone position on an Overholt table.
As soon as the anaesthetic and surgical preparations were completed, respiration was mechanically controlled by intermittent inflation and deflation pressures as indicated in the tabular data. Intravenous anaesthetic supplements were given as necessary in doses considered appropriate to the occasion. All anaesthetic procedures were carried out by the same anaesthetist (A.B.D.) and the majority of the operative procedures performed by the same resident surgeon (A.S.). All operations on patients with pulmonary tuberculosis were carried out in an air-conditioned operating room maintained at a temperature of 70°F. and a relative humidity of 55-60 per cent.
RESULTS
In the patients with normal cardiopulmonary function (Group I), and where the pleura was not opened, adequate oxygenation and carbon dioxide excretion was evident when manually controlled respiration was conscientiously carried out. Clinically there was little evidence of =Scopolamine.
cardiovascular disturbances with the balanced anaesthetic technique employed. Mechanical control of respiration also maintained a near-normal physiological state regardless of the pattern used for mechanical respiration and had the advantage of freeing the hands of the anaesthetist. The only patient where normal pH could not be maintained even with the respirator was the single case in which ether was used (M8). In the six patients where the pleura was opened (Mil-Ml6) only one serious fall in pH occurred (M16). This followed surgical manipulation in the thoracic cavity causing intermittent disturbance of ventilation and circulation in a functionally normal lung. The disturbance rapidly corrected itself after manipulation was discontinued. The older of the two patients who underwent oesophagectomy (Ml3) showed a definite cardiovascular change when intermittent positive-atmospheric pressure respiration was used. In both cases (Ml3, M14), however, pH and pCO 2 remained at a slightly alkalotic level regardless of the respirator pattern (figures 4 and 5). Tables I and II contain the pertinent data for the patients in this group.
The patients with abnormal lungs (Group II and III) due to advanced pulmonary infection (and the older patients with tuberculosis who probably suffered from some degree of cor pulmonale also) who underwent pneumonectomy, lobectomy and segmental resections are tabulated according to the operative procedures in tables III, IV and V. Preoperative pulmonary function studies and arterial blood data for these patients are tabulated in tables VI, VII and VIII.
The patients in this group varied in age from 13 to 69 years and the operative procedures varied in duration from 135 to : 450 minutes. In none of these patients was there clear-cut clinical evidence of serious cardiovascular depression due to the method or pattern of controlled respiration either while the pleura was open or closed. There were no deaths among these patients either in the operating room or •*• within 5 days of the operation. Except for suspected or clinically evident cyanosis in the immediate postoperative period in several cases, the postanaesthetic course was relatively uncomplicated in this group. Cyanosis was due either to " diffusion anoxia " (Fink, 1955) or to marked reduction in functioning pulmonary tissue (Bjork and Engstrom, 1955) and was corrected with 100 per cent oxygen by BLB mask. Patchy, segmental or lobular atelectasis developed in some of these patients in the early postoperative period. These were treated with endobronchial suctioning through a bronchoscope and routine physiotherapeutic measures.
For the anaesthetist the respirator provided the decided advantage of freeing his hands. This permitted him to check vital signs, to administer blood and anaesthetic drugs, and to keep charts. During use of the respirator, however, it was frequently evident that there was loss of close contact with the patient's state of anaesthesia. For the surgeon the respirator was of no particular disadvantage while the surgical dissection was progressing smoothly. However, there were certain respirator patterns which were definitely a nuisance and a hindrance, especially when difficulty with the dissection was encountered.
Two patterns were particularly disturbing to the surgeon, namely, that employing -5,0 30" 7.58 14.
-5 P-O 30 7.10 12.
- 14.
-5 P-O 60 7.58 13.
-5 P-O 65" 7. On induction, blood pressure dropped steeply from 160/86 to 78/? Posturing in head low position assisted in prompt return to stable level of 120/82. Then patient was turned to lateral position. Respiration was controlled by hand squeeze (HS) for 90 minutes. During the last 30 minutes pleura was open and systolic pressure slid down slowly. Then the respirator was turned on with pressures of +15 mm Hg to 0, 1:2 (PA). Blood pressure promptly dropped again to 78/40 and then stabilized at a slightly higher level. Twenty minutes later pattern was changed to +15 mm Hg, -5 mm Hg, to 0 (1:1:1) (PNA). This did not help in restoring the blood pressure after 10 minutes, and phenylephrine HC1 was added to the infusion. Ten minutes later the pattern was changed to +15 mm Hg; 0 (atmospheric pressure); and -5 mm Hg (NPA). This caused a prompt elevation in both the systolic and diastolic pressure. Changing to +15 mm Hg and atmospheric (PA) again lowered the blood pressure. Subsequently HS, PNA and HS were used with only moderate changes of the blood pressure. During the period the pleura was open seven arterial blood samples were drawn, each at the end of a 20-minute period of HS or respirator pattern as noted. Throughout this time the pCO 2 fell gradually, pH rose slowly except at the end of the second period of HS, and the oxygen content rose slowly.
These indicated that effective alveolar ventilation was being provided during the intrathoracic operation, while cardiovascular homeostasis was disturbed by positive pressure breathing.
Fluids during surgery: 1000 ml whole blood, 1000 ml 5% D/W, 500 ml N/S. Supportive therapy: 2 mg phenylephrine HC1 added to 250 mg whole blood administered from 165 min to 315 min by very slow drip. Postanaesthetic course was uneventful. Blood pressure descended slowly with induction of anaesthesia and with PPB by hand squeeze (HS). When respirator was used, PA caused no significant change, while addition of a subatmospheric phase elevated the blood pressure (PNA and NPA). This was lowered by switching back to PA, but remained quite stable thereafter. When the patient was turned lateral and the pleura was opened (at 340 minutes) +15 mm Hg, -5 mm Hg, 0 (atmospheric pressure) (1:1:1) at 18/min was used for 30 minutes followed by HS for the remainder of the operation without significant change in the blood pressure. During the period the peritoneum and pleura were open 5 arterial blood samples were drawn. pCO., pH and O_, content remained within normal limits throughout.
Fluids during surgery: 2,500 ml whole blood; 1,700 ml 5% D/W. 700 ml N/S. Postanaesthetic course was uneventful.
the 3-phase system of + 15 mm Hg/ -5 mm Hg/atmospheric pressure with phases of equal duration. This pattern was troublesome in 6 of the 8 patients (tables VII (b) and VIII (b)). The other disturbing pattern was that employing the 2-phase system of + 15 mm Hg/ -5 mm Hg with phases of equal duration. In 7 of the 8 patients this pattern was troublesome (tables VII (d) and VIII (d)). This was unfortunate in the latter group, as it appeared both from the blood data (the PCO2 and the pH) and clinically that the patient could be maintained most easily in a near-normal state with these pressures and this phase timing. The only patient among these with a considerable fall in pH (7.19) had severe "trapping " (S25). Of the 46 patients managed without the negative phase (21 patients with hand squeeze and 25 patients with +15 mm Hg/atmospheric pressure) lung inflation was satisfactory in 19 and the surgeon was not hindered by the movements in the field. In the other 27 cases the anaesthetist noted, or the surgeon often complained of, either inadequate inflation of the lung or hindering movements in the field. Five among these, managed with the respirator together with their blood data, are noted in tables VII (a) and VIII (a). In three of these five patients moderate falls in pH were observed and could not be adequately corrected during the operation. For operating conditions and considering the acid-base homeostasis, it was felt that the least satisfactory pattern in this study was that employing the 3-phase system of + 15 mm Hg/ -5 mm Hg/atmospheric pressure with each phase of equal duration. All but one patient had fair pulmonary function and were comparable to those in the other groups. The remaining patient (L35) had a considerable disturbance in pH (7.35 to 7.08) and pCO 2 (38 to 84) probably due to severe " trapping " (expiration time was 7 seconds).
Clinically and for the surgeon the most (71) 85 (54) 125 (81) 123 (85) 17 (62) 128 (102) 104 (90) 68 (56) 138 (81) 104 (83) 112 (90) 78 (50) 85 (60) 114 (82) 121 (79) 137 ( K.gur satisfactory pattern employed was the 3-phase system of +15 mm Hg/atmospheric pressure/ -5 mm Hg, with each phase of equal duration (tables VII (c) and VIII (c)). During these operations there was no complaint by the surgeon of hindering movements in the operative field, and in only one of the 7 cases (P20) was there significant fall in the pH while the pleura was open. This corrected itself as the operation progressed. Although it may be invalid to draw .500
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Pulmonary function studies-patients managed entirely with experimental respirator. conclusions from this limited and preliminary study, the data indicate the necessity for an extensive trial of the 3-phase system, employing one-third of the cycle for each phase, the rest phase of atmospheric pressure separating inflation from deflation. This type of cycling could avoid the theoretical possibility of increased air trapping due to collapsing bronchioles in patients with extensive disease and a prolonged expiration time; it could avoid the sharp fall of the lung during expiration; and it would allow for a short rapid inflation phase which could provide a wide enough pressure change for adequate pul- Note. Respiration controlled with mechanical respirator set at +15 mm Hg, 0 (atmospheric pressure) 1:2 at 18/min. Prior to induction of anaesthesia arterial blood pCQ, 31 #; pH7.45 • ; and O 2 content 18.1 vol. % O.
When controlled respiration was instituted, blood pressure was slightly depressed, but remained quite stable throughout the operation. pCO 2 rose early in the operation and then returned to normal levels for the remainder of the operation. The pH followed the pCO 2 changes. The oxygen content dropped early in the operation and remained relatively low, then dropped further after chest closure even though the nitrous oxide was turned off, probably indicative of loss of considerable amount of functioning lung tissue, and at the end the phenomenon of " diffusion anoxia" developing. The surgeon was satisfied with operative conditions throughout the procedure.
Fluids during surgery: 2,500 ml whole blood, 750 ml 5% D/W and 500 ml N/S. Supportive therapy: Nasal oxygen for 8 hours postoperatively. Uneventuful postanaesthetic course.
monary alveolar inflation and at the same time maintain a low mean airway pressure. This type of cycling has also been shown to assist pulmonary circulation in returning to normal during each respiration cycle (Brecher, 1952) . The stability of the pulse and blood pressure noted in the majority of these patients regardless of airway pressure pattern may be partly attributed to the reduced "vasomotor. reactivity" (Price et al., 1954) induced by the chlorpromazine, thiopentone and d-tubocurarine administered for premedication and balanced anaesthesia. Price et al. (1954) have postulated a haemodynamic stimulus by mechanical respirators. This was not evident in our study.
Figures 5, 6, 7 and 8 are redrawn anaesthetic charts showing the cardiovascular and arterial blood pCO2, pH, and O2 changes accompanying a pneumonectomy from each group. In each of these patients respiration was controlled by one of the four pressure patterns. Figure 9 represents the average changes in arterial blood pCO 2 , pH and O2 content (volumes per cent) in the four groups of patients managed with the experimental respirator.
There appeared to be a fairly uniform trend in the changes from the preanaesthetic blood determinations to the state of stable anaesthesia, the opening of the pleura, and after the chest was closed. In all groups the pCO 2 fell slightly after steady anaesthesia was achieved, and rose after the pleura was opened. The pH rose sharply to a slightly alkalotic level during steady anaesthesia, then fell sharply to a slightly acidotic level when the pleura was opened. In three of the four groups, this level continued downwards even after the pleura was closed. This was possibly due to metabolic acids accumulating from the vigorous movements of hyperventilation, and contributed to by the low pH of the citrated blood administered. Spot samples of relatively fresh citrated bank blood (5-10 days old) reveals that such blood is frequently below pH 6.50 at 37.5 °C. In such a study as this one must expect depression of arterial blood pH until a period has elapsed sufficient to allow the body to metabolize the relatively large amounts of citrate injected.
The oxygen content of the arterial blood in these patients rose after anaesthesia was stabilized and then gradually fell while the pleura was open ( fig. 9 ). This fall continued after the pleura was closed. In the third group ( + 15/0/-5) the oxygen content actually fell slightly below pre-operative levels. This postoperative fall was probably due to the reduction in functioning pulmonary tissue and to the diffusion anoxia phenomenon as noted previously. Figure 10 graphically shows changes in bicarbonate and pH in the four groups of patients. It should be noted that falls in bicarbonate were usually an accompaniment of elevated pCO 2 (Shaw and Messer, 1932 ).
It appears evident that this mechanical respirator, which employs fixed pressure cycling, is capable of maintaining a relatively normal pCO 2 , even under severe conditions of lung disease. Bjork and Engstrom (1955) Blood pressure remained relatively stable throughout the operation. pCXX was adequately cleared throughout, while pH dropped after the pleura was opened, and remained low even after the chest was closed. Oxygen content was satisfactory throughout. The surgeon observed that the respiratory movements were regular throughout, but that the wide swings between inflation and deflation was harassing and interfered with his procedure.
Fluids during surgery: 1000 ml whole blood; 1000 ml 5% D/W; 500 ml N/S. This patient had very thick pleura which was stuck to chest wall. In the operative procedure continuous marked oozing of blood occurred as the pleura was peeled away from the chest wall. In addition, the anaesthetist was continuously harassed by profuse bronchial secretions which were mujcopurulent. After the pleura was opened the airway was frequently disconnected from the respirator to carry out tracheobronchial suctioning. This would account for the moderate elevation of pCO, and lowered pH. The blood pressure rose when the pleura was opened, and remained fairly stable except at one point during the fourth hour when blood loss exceeded rate of replacement considerably. When chest was closed pCO, and pH were promptly restored to normal levels. The oxygen content also fell to a low level during the difficulty with the pleural dissection, and profuse bronchial secretions and then began to rise when the chest was closed. Here again the surgeon remarked that respiration was quite regular, but operating conditions were difficult due to the wide inflation and deflation movements of the lung. Without knowledge of the oxygen content or pCO 2 at the time of operation the anaesthetist felt that the patient would become seriously hypercarbic and hypoxic if the pressure of inflation was reduced.
Fluids during surgery: 4000 ml whole blood; 250 ml N/S and 500 ml 5%D/W. to maintain a normal pH, especially if a large quantity of blood is required for replacement, since freshly stored bank blood has a pH of 6.50 to 6.85 (DeGowin et al., 1949) . The maintenance of normal oxygen content is also no simple task, and probably requires that a minimum of 50 per cent oxygen should be administered at all times during intrathoracic anaesthesia and during the first few hours postoperatively.
SUMMARY
During these studies, the anaesthetist, the surgeon, the general type of operation, the patient's disease state, and the anaesthetic method and technique were constant within clinical limits. Amplitude of the breathing curve where a subatmospheric phase was added also was held constant, as laboratory and clinical experience showed the pressure used was most adequate. The variables were restricted to respirator rate at 18/min. Note. pCO 2 was lowered after steady anaesthesia (SA); increased when pleura was opened; with progress of the operation returned to near normal level; then greatly increased when chest was closed. From before anaesthesia (BA) to steady anaesthesia (SA) bicarbonate fell slightly while pH rose. Both dropped when the pleura was open (PO, and PO 2 ). pH continued to fall after the chest was closed (CC). (b) Represents bicarbonate content and pH changes in the 8 patients managed with controlled respiration with airway pressures +15 mm Hg, -5mm Hg and atmospheric pressure; phasetime ratio 1:1:1; respirator rate at 18/min.
Note. pCO. rose slowly and pH fell slowly, while bicarbonate remained steady throughout. (c) Represents bicarbonate content and pH changes in 7 patients managed with Controlled respiration with airway pressures +15 mm Hg, atmospheric pressure, -5 mm Hg; phase-time ratio 1:1:1; respirator rate at 18/min.
Note. pCO... remained relatively stable throughout. From BA to SA there was slight rise in pH. When pleura was opened there was moderate fall in bicarbonate and pH. This remained quite steady, until the chest was closed (CC), which was followed by a further lowering of bicarbonate and pH. (d) Represents bicarbonate content and pH changes in 8 patients managed with controlled respiration with airway pressures +15mm Hg, -5mm Hg; phase-time ratio 1:1; respirator rate at 18/min.
Note. pCO. remained below 40 mm Hg throughout period of anaesthesia while bicarbonate and pH remained at near normal levels throughout the operation. the position and shape of the breathing curve.
This controlled study indicates that a three-phase respiration cycle consisting of an accelerating inflow to a pressure peak, a rapid fall to atmospheric pressure and the addition of a subsequent phase of subatmospheric pressure is of great assistance in cases where high pressures are needed for adequate pulmonary ventilation, where passive deflation is faulty, and where difficulty is expected in maintaining near-normal acid-base balance and oxygenation because of the type of operation (lung excision) or because of abnormal posture on the operating table (lateral or prone). The subatmospheric phase does not appear to be of added benefit or of added advantage in the management of the anaesthetic under operative conditions other than those stated above.
